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Abstract. Once dark matter has been discovered and its particle physics properties have been
determined, a crucial question rises concerning how it was produced in the early Universe. If
its thermally averaged annihilation cross section is in the ballpark of few×10−26 cm3/s, the
WIMP mechanism in the standard cosmological scenario (i.e. radiation dominated Universe)
will be highly favored. If this is not the case one can either consider an alternative production
mechanism, or a non-standard cosmology. Here we study the dark matter production in
scenarios with a non-standard expansion history. Additionally, we reconstruct the possible
non-standard cosmologies that could make the WIMP mechanism viable.
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1 Introduction
There is compelling evidence for the existence of Dark Matter (DM), an unknown, non-
baryonic matter component whose abundance in the Universe exceeds the amount of ordinary
matter roughly by a factor of five [1]. In the previous decades a class of scenarios where dark
and visible matter were once in thermal equilibrium with each other has received by far the
biggest attention, both theoretically and experimentally. Most prominent in this class are
extensions of the Standard Model of particle physics (SM) that feature Weakly Interacting
Massive Particles (WIMPs) as DM [2].
Despite the fact that WIMP DM has been searched for decades, the studies have yielded
no overwhelming evidence for what DM actually is. A crucial challenge to the WIMP DM
paradigm is the lack of a confirmed experimental detection signal. The worldwide program
for detecting WIMP DM using a multi-channel and multi-messenger approach has followed
three main strategies: direct detection, indirect detection, and production at colliders.
However, the observed DM abundance may have been generated also out of equilibrium
by a mechanism like the so-called freeze-in [3–8]. Another simple way to evade the experimen-
tal constraints on DM is to consider non-standard cosmological histories, for example scenarios
where the Universe was effectively matter-dominated at an early stage, due to a slow reheat-
ing period after inflation or to a massive metastable particle. There are no reasons to assume
that the Universe was radiation-dominated prior to Big Bang Nucleosynthesis (BBN)1. In
fact, production of DM in scenarios with a non-standard expansion phase has recently gained
increasing interest, see e.g. refs. [20–43]. For earlier works, see also refs. [44–55].
If DM is a WIMP that is a thermal relic of the early Universe, then its total thermally
averaged self-annihilation cross section 〈σv〉 is revealed by its present-day mass density. In
standard cosmological scenarios, this result for a generic WIMP is usually stated as 〈σv〉0 =
few × 10−26 cm3/s = few × 10−9 GeV−2, with a small logarithmic dependence of WIMP
1For studies on baryogenesis with a low reheating temperature or during an early matter-dominated phase,
see refs. [9–13] and [14], respectively. Additionally, primordial gravitational wave production in scenarios with
an early matter era have recently received particular attention [15–19].
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mass [56]. If 〈σv〉  〈σv〉0, DM is kept in chemical equilibrium with the thermal bath
for longer, giving rise to a DM underabundance that can be understood for example in the
context of multicomponent DM. On the contrary, if 〈σv〉  〈σv〉0, DM decouples earlier
and generates an overabundance that overcloses the Universe. In non-standard cosmologies,
however, the generic value for 〈σv〉0 does not hold anymore, strongly depending on the details
of the cosmology.
Once DM is discovered and its particle physics properties have been reconstructed (i.e.
mass and couplings with the SM), a major question rises concerning the DM production
mechanism.2 If the inferred value of 〈σv〉 is in the ballpark of 〈σv〉0, the simpler freeze-out
mechanism with a standard cosmology will be strongly favored. However, if that turns out not
to be the case, one can either look for different DM production mechanisms or for alternative
cosmological scenarios. The latter option will be pursued in this study.
In this paper we consider production of WIMP DM in scenarios where for some period
at early times the expansion of the Universe was governed by a component φ with an effective
equation of state ω = ρφ/pφ, where pφ is the pressure and ρφ the energy density of φ. Using
a particle physics model independent approach, for a given DM mass m and a thermally
averaged DM annihilation cross section 〈σv〉, we study the capabilities for reconstructing the
parameters characterizing the non-standard cosmology. The paper is organized as follows:
In section 2 we introduce the cosmological setup. In section 3 we present the reconstruction
capabilities of the cosmological parameters. Finally, we conclude in section 4.
2 Non-Standard Cosmologies
We assume that for some period of the early Universe, the total energy density was dominated
by a component ρφ with an equation of state parameter ω, where ω ≡ pφ/ρφ, with pφ the
pressure of the dominant component. Additionally, this component decays with a total rate
Γφ.
In the early Universe the evolution of the φ energy density ρφ, the SM entropy density
s, as well as the DM number density n are governed by the system of coupled Boltzmann
equations [10, 32]
dρφ
dt
+ 3(1 + ω)H ρφ = −Γφ ρφ , (2.1)
ds
dt
+ 3H s = +
Γφ ρφ
T
(
1− b E
mφ
)
+ 2
E
T
〈σv〉 (n2 − n2eq) , (2.2)
dn
dt
+ 3H n = +
b
mφ
Γφ ρφ − 〈σv〉
(
n2 − n2eq
)
, (2.3)
where 〈σv〉 is the total DM annihilation cross-section into SM particles and E2 ' m2 + 3T 2
is the averaged energy per DM particle. In general φ decays into both SM radiation and
DM particles [90], with a proportion controlled by the parameter b. In fact, b is twice the
branching ratio of φ decaying into a couple of DM particles3 and mφ corresponds to the mass
of the state φ. Additionally, 1 − bE/mφ is the fraction of φ energy density that goes into
2It is necessary to make use of the complementarity between different experiments and different detection
techniques [57–73] in order to ameliorate determination of the particle physics parameters and disentangle
possible degeneracies. Furthermore, one has to take into account astrophysical uncertainties [74–89] when
interpreting the results of the DM searches.
3We assume here that the main decay channel of φ into DM particles is into two of them.
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radiation. The second term in the RHS of eq. (2.2) corresponding to the entropy injection
due to DM annihilations is subdominant and thus is ignored.
Additionally, the two terms in the RHS of eq. (2.3) represent the non-thermal production
via the decay of φ, and the usual thermal WIMP production, respectively. However here we
focus in the case where DM is thermally produced, which implies that the branching ratio of
φ into DM particles is subdominant and therefore we disregard it, i.e. b = 0.
Under the assumption that the SM plasma maintains internal equilibrium at all times
in the early Universe, its temperature dependence can be obtained from its energy density
ρR(T ) =
pi2
30
g?(T )T
4. (2.4)
Equation (2.2) plays an important role in tracking the evolution of the photon’s temperature
T , via the SM entropy density s,
s(T ) =
ρR + pR
T
=
2pi2
45
g?S(T )T
3, (2.5)
where g?(T ) and g?S(T ) correspond to the effective number of relativistic degrees of freedom
for SM energy and entropy densities, respectively [91]. The evolution of the SM temperature
follows from Eq. (2.2):
dT
da
=
(
1 +
T
3 g?S
dg?S
dT
)−1 [
−T
a
+
Γφ ρφ
3H sa
(
1− E b
mφ
)
+
2
3
E 〈σv〉
H sa
(
n2 − n2eq
)]
. (2.6)
The Hubble expansion rate H is defined by
H2 =
ρφ + ρR + ρχ
3M2P
, (2.7)
where MP is the reduced Planck mass.
For having a successful BBN, the temperature at the end of the ρφ dominated phase has
to be Tend & 4 MeV [92–95], where Tend is given by the total decay width Γφ as
T 4end ≡
90
pi2 g?(Tend)
M2P Γ
2
φ . (2.8)
Let us note that for ω > 1/3, ρφ gets diluted faster than radiation, and if ρφ  ρR at
T = TBBN, Γφ could be effectively taken to be zero.
As an example, fig. 1 shows the solution of the Boltzmann equations (2.1) and (2.6),
for ω = 0, Tend = 7 × 10−3 GeV and ρφρR
∣∣∣
T=100 GeV
= 10−2. The left panel depicts the
evolution of the radiation and φ energy densities as a function of the scale factor a, taking
a0 = a(T = 100 GeV). aeq corresponds to the scale factor at which ρφ starts to dominate
over ρR, ac to the scale factor where effectively ρφ starts to dominate the evolution of ρR, and
aend is a proxy of the scale factor where φ decays completely. Additionally Teq ≡ T (a = aeq),
Tc ≡ T (a = ac) and Tend ≡ T (a = aend). Tend is properly defined in eq. (2.8). The
photon temperature can be extracted from the radiation energy density using eq. (2.4) and
it is depicted as a function of the scale factor in the right panel of fig. 1. The bumps at
a/a0 ∼ 103 and ∼ 107, corresponding to temperatures T ∼ 10−1 GeV and ∼ 10−3 GeV, are
due to the QCD phase transition and the annihilation of electron-positron pairs, respectively.
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Figure 1. Evolution of the energy densities for radiation and the φ field (left panel), and evolution
of the photon temperature T (right panel) as a function of the scale factor a, for ω = 0, Tend =
7×10−3 GeV and ρφρR
∣∣∣
T=100 GeV
= 10−2. The evolution of the SM energy density and the temperature
in the case where the number of relativistic degrees of freedom g? and g?S are fixed is shown with
cyan dashed lines. Here we assume that a0 = a(T = 100 GeV). The scale factors a = aeq, ac and aend
are overlaid.
For completeness, we also show in the figure with cyan dashed lines the evolution of the SM
energy density and the temperature in the case where the number of relativistic degrees of
freedom are fixed to the values g? = g?(T = 100 GeV) and g?S = g?S(T = 100 GeV). In
that case with constant relativistic degrees of freedom one has that ρφ(a) ∝ a−3(1+ω) until it
decays, and
ρR(a) ∝

a−4 for a ac,
a−
3
2
(1+ω) for ac  a aend,
a−4 for aend  a,
(2.9)
which implies that
T (a) ∝

a−1 for a ac,
a−
3
8
(1+ω) for ac  a aend,
a−1 for aend  a.
(2.10)
3 Reconstructing Cosmological Parameters
In order to have a successful WIMP mechanism, a thermally averaged annihilation cross
section 〈σv〉 ∼ few×10−26 cm3/s is typically needed [56]. If a DMmeasurement points towards
a significantly different value, the simplest WIMP scenario could still be the responsible for
the DM genesis, but with a non-standard cosmological evolution.
Here, we assume that both the DM mass m and its thermally averaged annihilation
cross section 〈σv〉 are known after a discovery, and we try to reconstruct the non-standard
cosmological parameters that make the DM genesis compatible with the WIMP paradigm.
In this study we consider scenarios where for some period at early times the expansion of the
Universe was governed by a fluid component with an effective equation of state ω. Partic-
ular cases correspond to ω = −1 (quintessence), 0 (dust), 1/3 (radiation) and 1 (kination).
However we will mainly focus on a phase of matter domination, assuming ω = 0.
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Figure 2. Parameter space generating the observed DM abundance via the WIMP mechanism
with non-standard cosmologies, assuming ω = 0. For the particle physics benchmark we have taken
m = 100 GeV and 〈σv〉 = 10−11 GeV−2. The gray bands correspond to Tend < TBBN and ρφ < ρR.
Benchmarks 1, 2 and 3 are the parameters used in figs. 3 and 7. The lines corresponding to Tfo = Teq,
Tfo = Tc and Tfo = Tend are overlaid.
The non-standard cosmologies considered here can be fully parametrized with three free
parameters:
Tend, κ ≡ ρφ
ρR
∣∣∣∣
T=m
and ω . (3.1)
Figure 2 depicts in blue the parameter space compatible with the observed DM abun-
dance via the WIMP mechanism with non-standard cosmologies, in the plane [Tend, κ], as-
suming ω = 0. For the particle physics benchmark we have chosen m = 100 GeV and
〈σv〉 = 10−11 GeV−2. The left part of the plot colored in gray and corresponding to
Tend < 4 MeV is in tension with BBN. Additionally, in the lower right corner ρφ is al-
ways subdominant with respect to radiation, and hence corresponds to the usual case, radi-
ation dominated. The figure also shows the lines corresponding to Tfo = Teq, Tfo = Tc and
Tfo = Tend. These lines differentiate four phenomenologically distinct regimes characterized
by the temperature Tfo when the DM freeze-out happens, with respect to Teq, Tc and Tend.
These cases are described in detail in the next subsections, where analytic estimations of
the different regimes are performed.4 Benchmarks 1 (Tend = 7 × 10−3 GeV and κ = 10−2),
2 (Tend = 10−1 GeV and κ = 1) and 3 (Tend = 2 GeV and κ = 103) correspond to the
parameters that will be used in figs. 3 and 7.
3.1 Classification
3.1.1 Case 1: Teq  Tfo
The first case, characterized by Teq  Tfo is by far the most studied in the literature. It
corresponds to the scenario where the DM freeze-out happens during radiation domination,
and much earlier than the time when φ decays. The upper left panel of fig. 3 shows the
4In the next subsections, for the analytical estimations the variation of the number of relativistic degrees
of freedom g? and g?S is ignored. Additionally, we will take g?S = g?, which is a good approximation for
T > 1 MeV.
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Figure 3. Evolution of the DM yield (thick black lines) as a function of the inverse of the temperature
using m = 100 GeV and 〈σv〉 = 10−11 GeV−2, for the benchmark points shown if fig. 2. Upper left
panel: Tend = 7 × 10−3 GeV and κ = 10−2. Upper right panel: Tend = 10−1 GeV and κ = 1. Lower
panel: Tend = 2 GeV and κ = 103. Yeq is also shown in dashed lines. xfo, xeq, xc and xend are also
overlaid. The green horizontal bands correspond to the DM relic abundance, as measured by Planck.
evolution of the DM yield Y ≡ n/s as a function of x ≡ m/T , for the benchmark point
m = 100 GeV, 〈σv〉 = 10−11 GeV−2, Tend = 7 × 10−3 GeV, κ = 10−2 and ω = 0 (point 1
in fig. 2). The green horizontal band corresponds to the DM relic abundance, as measured
by Planck [1]. Here the freeze-out happens as in the standard radiation dominated case,
and it is succeeded by a dilution due to the entropy injection produced by the late decay of
φ. Much before the decay of φ, the SM entropy is conserved and therefore the Boltzmann
equation (2.3) can be rewritten as
dY
dx
= −〈σv〉 s
H x
(
Y 2 − Y 2eq
)
, (3.2)
where Yeq ≡ neq/s. Taking into account that H '
√
ρR
3M2P
= pi
√
g?
90
m2
MP
1
x2
, eq. (3.2) admits
the standard approximate solution
Y0 =
15
2pi
√
10 g?
xfo
mMP 〈σv〉 , (3.3)
where Y0 corresponds to the DM yield long after the freeze-out, but before the decay of φ.
Additionally, xfo ≡ m/Tfo is defined by neq〈σv〉/H|x=xfo = 1 and given by
xfo = ln
[
3
2
√
5
pi5g?
gmMP 〈σv〉√xfo
]
, (3.4)
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where g is the number of degrees of freedom for DM. In this first scenario, xfo is independent
on the cosmological parameters Tend, κ and ω, because the freeze-out happens in the standard
cosmological scenario. At this point let us emphasize that the obtained DM abundance is
much larger than the observed one (as we are assuming that 〈σv〉  〈σv〉0), and therefore
has to be reduced.
The decay of φ dilutes the DM by injecting entropy to the SM bath. The dilution factor
D ≡ s(T2)/s(T1) = (T2/T1)3 is defined as the ratio of the SM entropies after and before
the decay, and can be estimated as follows. In the sudden decay approximation of φ, the
conservation of the energy density implies
ρR(T1) + ρφ(T1) = ρR(T2), (3.5)
where T1 and T2 are the temperatures just before and just after φ decays, respectively. Taking
into account that the scaling of ρφ and that ρφ(m) = κ ρR(m), one gets that
D =
(
T2
T1
)3
'
[
κ
(
m
T2
)1−3ω] 11+ω
for ω 6= −1, (3.6)
D =
(
T2
T1
)3
=
[
1− κ
(
m
T2
)4]− 34
for ω = −1. (3.7)
It can be checked that the choice T2 = Tend fits well the full numerical solution.
The final DM abundance given by the ratio of eqs. (3.3) and (3.6) or (3.7) has to match
the observations by the Planck collaboration [1]
Yobs =
Y0
D
' 15
2pi
√
10 g?
xfo
mMP 〈σv〉
[
1
κ
(
Tend
m
)1−3ω] 11+ω
for ω 6= −1, (3.8)
Yobs =
Y0
D
=
15
2pi
√
10 g?
xfo
mMP 〈σv〉
[
1− κ
(
m
Tend
)4] 34
for ω = −1, (3.9)
where Yobs×m = ρc ΩDMh
2
s0 h2
' 4× 10−10 GeV, ρc is the critical energy density of the Universe,
and s0 and ΩDM are the entropy density and the DM relic abundance nowadays, respec-
tively. Previous equations implies that in scenario 1, in order to reproduce the observed DM
abundance κ ∝ T 1−3ωend . In the case where ω = 0, κ ∝ Tend as observed in fig. 2.
3.1.2 Case 2: Tc  Tfo  Teq
This case corresponds to the scenario where Tc  Tfo  Teq. In this regime the Hubble
expansion rate is driven by ρφ. However, φ is not yet efficiently decaying into SM radiation,
so that T is still inversely proportional to the scale factor. The upper right panel of fig. 3 shows
the evolution of the DM yield, for the benchmark point m = 100 GeV, 〈σv〉 = 10−11 GeV−2,
Tend = 10
−1 GeV, κ = 1 and ω = 0 (point 2 in fig. 2). Compared to the previous case, the
main difference here is the expansion of the Universe. In fact, now
H '
√
ρφ
3M2P
=
pi
3
√
g?
10
m2
MP
√
κ
x3(1+ω)
, (3.10)
– 7 –
10−3 10−2 10−1 100 101
Tend [GeV]
10−3
10−1
101
103
κ
BBN
Teq = Tfo
T
c =
T
fo
T
en
d
=
T
fo
xfo = 14
xfo = 16
xfo = 18
ρφ <
ρR
Figure 4. Contour lines for the inverse of the temperature at which the DM freeze-out occurs:
xfo = 14 (blue line), 16 (black line) and 18 (magenta line). We assumed ω = 0, m = 100 GeV
and 〈σv〉 = 10−11 GeV−2. The colored bands correspond to Tend < TBBN and ρφ < ρR. The lines
corresponding to Tfo = Teq, Tfo = Tc and Tfo = Tend are overlaid.
and therefore eq. (3.2) admits the approximate solutions
Y0 =
45
4pi
1− ω
mMP 〈σv〉
√
κ
10g?
x
3
2
(1−ω)
fo for ω 6= 1, (3.11)
Y0 =
15
2pi
1
mMP 〈σv〉
√
κ
10g?
[
ln
xend
xfo
]−1
for ω = 1. (3.12)
The DM freeze-out happens at
xfo = ln
[
3
2
√
5
pi5 g?
g
mMP 〈σv〉√
κ
x
3
2
ω
fo
]
, (3.13)
which depends only on κ. Figure 4 shows contour lines for xfo = 14 (blue), 16 (black) and 18
(magenta) in the [Tend, κ] plane, assuming ω = 0 and numerically solving the full Boltzmann
equations. In the same way as in fig. 2, here we choosem = 100 GeV and 〈σv〉 = 10−11 GeV−2.
The left part of the plot in gray, corresponding to Tend < 4 MeV, is in tension with BBN.
Additionally, in the lower right corner ρφ is always subdominant with respect to radiation,
and hence corresponds to the usual case, radiation dominated. The figure also shows the lines
corresponding to Tfo = Teq, Tfo = Tc and Tfo = Tend. The κ dependence on eq. (3.13), for
Tc  Tfo  Teq, is shown in fig. 4 as horizontal lines.
The final DM abundance given by the ratio of eqs. (3.11), (3.12), (3.6) and (3.7) is given
– 8 –
by
Yobs =
Y0
D
=
45
4pi
√
10g?
√
κ
mMP 〈σv〉 x
3
fo
[
1− κ
(
m
Tend
)4] 34
for ω = −1, (3.14)
Yobs =
Y0
D
' 45(1− ω)
4pi
√
10g?
√
κ
mMP 〈σv〉 x
3
2
(1−ω)
fo
[
1
κ
(
Tend
m
)1−3ω] 11+ω
for |ω| 6= 1, (3.15)
Yobs =
Y0
D
' 15
2pi
√
1
10 g?
1
TendMP 〈σv〉
[
ln
Tfo
Tend
]−1
for ω = 1. (3.16)
Previous equations imply that in scenario 2, in order to reproduce the observed DM abundance
κ ∝ T 2
1−3ω
1−ω
end . In the case of ω = 0, κ ∝ T 2end as observed in fig. 2, for Tc  Tfo  Teq.
3.1.3 Case 3: Tend  Tfo  Tc
This case corresponds to the scenario where Tend  Tfo  Tc.5 In this regime ρφ controls
both the Hubble expansion rate and the evolution of ρR. The lower panel of fig. 3 shows the
evolution of the DM yield, for the benchmark point m = 100 GeV, 〈σv〉 = 10−11 GeV−2,
Tend = 2 GeV, κ = 103 and ω = 0 (point 3 in fig. 2). As in this case the freeze-out occurs
when the φ is decaying and the SM entropy is not conserved, one can not use anymore the
Boltzmann equation (3.2). Instead, eq. (2.3) can be rewritten as
dN
da
= − 〈σv〉
H a4
(
N2 −N2eq
)
, (3.17)
where N ≡ n× a3 and similarly Neq ≡ neq × a3. Taking into account that
H(a) '
√
ρφ(a)
3M2P
=
√
ρφ(a0)
3M2P
(a0
a
) 3
2
(1+ω)
=
pi
3
√
κ
g?
10
m2
MP
(a0
a
) 3
2
(1+ω)
, (3.18)
and choosing the scale factor such that a0 ≡ a(T = m) = 1, eq. (3.17) admits the approximate
solution
N0 =
(1− ω)pi
2
√
κ
g?
10
m2
MP 〈σv〉
(
afo
a0
) 3
2
(1−ω)
for ω 6= 1, (3.19)
N0 =
pi
3
√
κ
g?
10
m2
MP 〈σv〉
(
ln
aend
afo
)−1
for ω = 1, (3.20)
where N0 corresponds to the value of N well after the DM freeze-out.
Within the sudden decay approximation and using eq. (2.10), the value of the critical
temperature Tc and the scale factors at T = Tfo and T = Tend can be estimated as
Tc =
(
κm1−3ω T 4end
) 1
5−3ω , (3.21)
afo = a0m
(
T 5−3ωc
T 8fo
) 1
3(1+ω)
= a0
[
κ
(
mTend
T 2fo
)4] 13(1+ω)
, (3.22)
aend = a0m
(
T 5−3ωc
T 8end
) 1
3(1+ω)
= a0
[
κ
(
m
Tend
)4] 13(1+ω)
. (3.23)
5It is interesting to note that this case is only possible for ω 6= −1; in fact if ω = −1, between ac and aend
the temperature is independent of the scale factor (see eq. (2.10)) and therefore Tc = Tend.
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The final DM yield Y0 is related to N0 via the factor s× a3, which after the decay of φ
can be written as
s a3 =
2pi2
45
g? (Tend aend)
3 =
2pi2
45
g?
[
κ
m4
T 1−3ωend
] 1
1+ω
, (3.24)
implying that
Yobs =
N0
s a3
=
45(1− ω)
4pi
√
1
10g?
1
MP 〈σv〉
[
T
4(ω−1)
fo T
3−5ω
end
] 1
1+ω for ω 6= 1, (3.25)
Yobs =
N0
s a3
=
45
8pi
√
1
10g?
1
TendMP 〈σv〉
(
ln
Tfo
Tend
)−1
for ω = 1, (3.26)
which is independent of κ, as expected from fig. 2.
In order to estimate the temperature at which the DM freeze-out happens, let us first
examine how ρφ scales. The evolution of ρφ has to be divided in two regimes (after and before
a = ac), because of the two different dependences on T :
ρφ(a) = ρφ(a0)
(a0
a
)3(1+ω)
= ρφ(a0)
(
a0
ac
ac
a
)3(1+ω)
. (3.27)
Using eqs. (2.10) and (3.21), eq. (3.27) can be rewritten as
ρφ(T ) = ρφ(m)
(
Tc
m
)3(1+ω)( T
Tc
)8
=
pi2 g?
30
κm1−3ω
T 8
T 5−3ωc
=
pi2 g?
30
(
T 2
Tend
)4
, (3.28)
which turns out to be κ-independent. Therefore the DM freeze-out happens at
xfo = ln
[
3
2
√
5
pi5 g?
g
MP 〈σv〉T 2end
m
x
5
2
fo
]
, (3.29)
or equivalently
xfo = −5
2
W−1
−2
5
(
3
2
√
5
pi5 g?
g
MP 〈σv〉T 2end
m
)− 2
5
 , (3.30)
where W−1 is the −1 branch of the Lambert W function, and which is again independent on
κ. Figure 4 shows the Tend dependence of xfo as vertical lines.
3.1.4 Case 4: Tfo  Tend
This case corresponds to the scenario where Tfo  Tend. In this regime the non-standard
cosmology has no effect on the final DM relic abundance, due to the fact that φ decays at
a very high temperature, while the DM is still in chemical equilibrium with the SM thermal
bath.
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Figure 5. Parameter space generating the observed DM abundance via the WIMP mechanism with
non-standard cosmologies, assuming ω = 0 and different particle physics parameters. Left panel:
〈σv〉 = 10−11 GeV−2 and m = 10 GeV (red), 100 GeV (blue), and 1 TeV (black). The colored bands
present the ρφ < ρR areas for m = 10 GeV (light red), 100 GeV (purple), and 1 TeV (gray). Right
panel: m = 100 GeV and 〈σv〉 = 10−12 GeV−2 (red), 10−11 GeV−2 (blue), and 10−10 GeV−2 (black),
while the gray right lower band correspond to ρφ < ρR. The gray bands on the left correspond to
Tend < TBBN.
3.2 Varying the Particle Physics Parameters
Up to now we have studied the possibilities for reconstructing non-standard cosmologies after
a DM detection assuming some given particle physics benchmarks. In this section we study
the reconstruction prospects using different benchmarks both for the DM properties (m and
〈σv〉), and the equation of state ω of φ.
Figure 5 shows the parameter space generating the observed DM abundance via the
WIMP mechanism with non-standard cosmologies assuming ω = 0 and different particle
physics parameters. The left panel corresponds to 〈σv〉 = 10−11 GeV−2 and DM masses:
m = 10 GeV (red), 100 GeV (blue) and 1 TeV (black). Notice that in this case, the colored
bands corresponding to ρφ < ρR are different for each mass, because κ is defined at different
scales (T = m). Additionally, the right panel depicts the cases where m = 100 GeV and
〈σv〉 = 10−12 GeV−2 (red), 10−11 GeV−2 (blue) and 10−10 GeV−2 (black). The gray bands
correspond to Tend < TBBN and ρφ < ρR. The behavior of the lines can be understood
analytically. On the one hand, for low values of κ, we are in case 1 where the DM relic
density scales like Tend〈σv〉κm (up to a mild logarithmic dependence coming from xfo), see eq. (3.8).
Therefore, an increase of the DM mass or 〈σv〉 decreases the final DM yield. This effect can
be compensated by reducing the dilution factor D by either a rise of Tend or a decrease of κ.
On the other hand, for high values of κ we are in case 3, where the DM relic density scales
like T
3
end
〈σv〉m4 (again up to a mild logarithmic dependence coming from xfo), see eq. (3.25). As
pointed out previously, this scenario is independent of κ. Therefore, an increase of either m
or 〈σv〉 has to be compensated by a rise of Tend.
Figure 6 presents in blue the parameter space compatible with the observed DM abun-
dance via the WIMP mechanism with non-standard cosmologies, in the plane [Tend, κ]. We
assumed ω = −2/3 (upper left panel), ω = −1/3 (upper right panel) and ω = +2/5
(lower panel). For the particle physics benchmark we have chosen m = 100 GeV and
〈σv〉 = 10−11 GeV−2. The gray bands correspond to Tend < TBBN and ρφ < ρR, while
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Figure 6. Parameter space generating the observed DM abundance via the WIMP mechanism with
non-standard cosmologies, assuming ω = −2/3 (upper left panel), ω = −1/3 (upper right panel)
and ω = +2/5 (lower panel). For the particle physics benchmark we have taken m = 100 GeV and
〈σv〉 = 10−11 GeV−2. The gray bands correspond to Tend < TBBN and ρφ < ρR, while the fuchsia
region for the ω = +2/5 case shows the (semi-)relativistic freeze-out. The lines corresponding to
Tfo = Teq, Tfo = Tc and Tfo = Tend are overlaid.
the fuchsia region for the ω = +2/5 case shows the (semi-)relativistic freeze-out, i.e. xfo < 3.
The lines corresponding to Tfo = Teq, Tfo = Tc and Tfo = Tend are overlaid.
On the left upper panel ω = −2/3 corresponds to a ρφ that scales like a−1. This implies that it
gets diluted much slower than matter, and thus naturally dominates the total energy density
of the Universe, even if its initial density is suppressed. One can therefore explore much lower
values for κ, compared to the case ω = 0 in fig. 2, without violating the BBN bound. As ex-
pected from the analytical estimations, in the regions Teq  Tfo (case 1) and Tc  Tfo  Teq
(case 2), κ scales like T 3end and T
18/5
end , respectively. Also, when Tend  Tfo  Tc (case 3) the
DM yield is independent on κ. In the right lower corner the ρφ is always subdominant with
respect to radiation, and hence corresponds to the usual case, radiation dominated.
Similarly, on the right upper panel ω = −1/3 corresponds to a ρφ that scales like a−2. In
the regions Teq  Tfo (case 1) and Tc  Tfo  Teq (case 2), κ scales like T 2end and T 3end,
respectively. Also, when Tend  Tfo  Tc (case 3) the DM yield is independent on κ.
On contrary, the lower panel corresponds to ω = +2/5 and hence ρφ ∝ a−21/5. The φ energy
density gets diluted much faster than matter (and radiation) and therefore very large values
for κ are needed to compensate. In turn, large values of κ boost the Hubble expansion rate
implying a much earlier freeze-out. The upper left region corresponds to xfo < 3, yielding a
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Figure 7. Parameter space (in blue) that reproduces the observed DM abundance via the WIMP
mechanism, assuming Tend = 7 × 10−3 GeV and κ = 10−2 (upper left panel), Tend = 10−1 GeV and
κ = 1 (upper right panel), and Tend = 2 GeV and κ = 103 (lower panel), for ω = 0. The red, yellow
and black markers correspond to the benchmark points shown in fig. 2. The black line (〈σv〉 = 〈σv〉0)
shows the cross sections needed to have a WIMP production with standard cosmology. Larger cross
sections (in gray) are incompatible with the WIMP mechanism, even in the cases of non-standard
cosmologies. The lines corresponding to Tfo = Tc and Tfo = Tend are overlaid.
(semi-)relativistic freeze-out which is incompatible with our approximations. In this case with
ω > 1/3 and κ  1, Teq is not defined, as ρφ = ρR only happens when φ decays, implying
that the case 1 is never realized. Additionally, in the case 2, κ ∝ T−2/3end and in the case 3 the
DM yield is again independent of κ.
3.3 Varying the Non-standard Cosmological Parameters
In this section we study the impact of the non-standard cosmology on the particle physics
parameter space [m, 〈σv〉].
Figure 7 shows in blue the particle physics parameter space [m, 〈σv〉] that gives rise
to the observed DM abundance, for fixed non-standard cosmologies, Tend = 7 × 10−3 GeV
and κ = 10−2 (upper left panel), Tend = 10−1 GeV and κ = 1 (upper right panel), and
Tend = 2 GeV and κ = 103 (lower panel), assuming ω = 0. The black line, for which
〈σv〉 = 〈σv〉0, shows the thermally averaged cross sections needed to have a WIMP production
with standard cosmology. The small variations are due to the changes of the number of
relativistic degrees of freedom g? and g?S [56]. Larger cross sections (in gray) are incompatible
with the WIMP mechanism, even in the cases of non-standard cosmologies. The red, yellow
and black markers correspond to the benchmark points shown in fig. 2. The dotted lines
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Figure 8. Parameter space (in white) that could reproduce the observed DM abundance via the
WIMP mechanism with non-standard cosmologies, assuming ω = 0. For completeness we also show
the standard cosmological scenario with 〈σv〉 = 〈σv〉0 with a thick black line.
corresponding to Tfo = Tc (green) and Tfo = Tend (yellow) are overlaid.
In the upper left panel (Tend = 7 × 10−3 GeV and κ = 10−2) the gray band on the left
corresponds to ρR > ρφ, i.e. the limit of standard cosmology. That panel correspond to
the case 1, where Teq < Tfo. In order to keep a constant DM relic abundance, in eq. (3.8)
m × Yobs has to stay constant as well. That implies that 〈σv〉 ∝ m
3ω−1
1+ω , which translates to
〈σv〉 ∝ 1/m for ω = 0.
A similar behavior appears in the upper right and lower panels, when Tc  Tfo  Teq (case 2),
which corresponds to high masses, to the right of the dotted green lines: 〈σv〉 ∝ m 3ω−11+ω , see
eq. (3.15). For ω = 0 it translates to 〈σv〉 ∝ m−1. However, for intermediate masses, between
the yellow and the green lines (i.e. for Tend  Tfo  Tc), case 3 happens. In that scenario, for
keeping constant the DM relic abundance 〈σv〉 ∝ m 5ω−31+ω , which for ω = 0 implies 〈σv〉 ∝ m−3,
see eq. (3.25). Finally, for low masses, to the left of the dotted yellow lines Tfo < Tend, and
therefore the cross section needed to have a successful WIMP DM production is the usual
〈σv〉0, characteristic of the standard cosmology (case 4).
Figure 8 depicts in white the particle physics parameter space [m, 〈σv〉] that could repro-
duce the observed DM abundance via the WIMP mechanism with non-standard cosmologies,
assuming ω = 0. The case 〈σv〉 = 〈σv〉0 = few×10−9 GeV−2 giving rise to the simplest WIMP
mechanism with the standard cosmology is also shown with a thick black line. The gray re-
gions show the areas where different cosmologies can not conciliate a DM with mass m and
cross-section 〈σv〉 with the WIMP paradigm. On the one hand, the case ω = 0 can only dilute
the DM abundance, which means that cross sections higher than 〈σv〉0 can not become viable
(upper gray region). On the other hand, a large part of the parameter space 〈σv〉 < 〈σv〉0
(in white) becomes compatible with the WIMP mechanism. However, the observed DM relic
abundance can not be reproduced for arbitrarily small values for 〈σv〉 without reaching the
(semi-)relativistic freeze-out limit, xfo < 3 (lower gray region). For masses m & 300 MeV, the
bound corresponds to the case 2, and can be analytically understood by the use of eqs. (3.13)
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and (3.15):
〈σv〉 =
[
3
2g
√
pi3
2
x
3
2
fo e
xfo
Tend
Yobsm
] 1
2 1
mMP
∝ 1
m
, (3.31)
which takes the minimum allowed value when xfo = 3 and Tend = TBBN. Likewise, for 10 MeV
. m . 300 MeV the bound comes from case 3. Equation (3.25) can be rewritten as
〈σv〉 = 45
4pi
1√
10g?
x4fo
MP Yobsm
(
Tend
m
)3
, (3.32)
which again represents a lower bound when taking Tend = TBBN and xfo as given in eq. (3.30).
From fig. 8 one can see that DM lighter than ∼ 30 MeV can only be produced in the standard
cosmological scenario with 〈σv〉 = 〈σv〉0. For those masses, our non-standard cosmological
setup with ω = 0 can not conciliate smaller cross sections with the WIMP mechanism.
4 Conclusions
Despite the large amount of searches over the past decades, dark matter (DM) has not been
found. In particular, scenarios where DM is a weakly interacting massive particle (WIMP)
have received by far the biggest attention both theoretically and experimentally, but unfor-
tunately there is no overwhelming evidence of WIMP DM. A simple reason for this might be
that the cosmological history was non-standard at early times, which affects the typical DM
interaction rates, reducing the naively expected annihilation cross sections.
In this paper we considered the production of WIMP DM in the early Universe following
a particle physics model independent way, where the DM dynamics is fully parametrized by
its mass m and its total thermally averaged annihilation cross section 〈σv〉. Additionally, we
studied scenarios where for some period the expansion of the Universe was governed by a
component φ with an effective equation of state ω = ρφ/pφ, where pφ is its pressure and ρφ
its energy density.
Once DM is discovered and its particle physics properties have been reconstructed, a
major question rises concerning the DM production mechanism. If the inferred value of 〈σv〉
is in the ballpark of few×10−26 cm3/s, the simpler freeze-out mechanism with a standard
cosmology will be strongly favored. However, if that turns out not to be the case, one can
either look for different DM production mechanisms or for alternative cosmological scenarios.
The latter option was pursued in this study.
A detailed analysis was performed both numerically and analytically, by solving the
system of coupled Boltzmann equations. Different regimes have been found, characterized by
the temperature at which the DM freeze-out happens compared to the proper scales of the
non-standard cosmology. We studied the effects of varying both the particles physics and the
non-standard cosmological parameters, and found the parameter space that was compatible
with the observed DM abundance via the WIMP paradigm.
We found that large regions of the particle physics parameter space can be reconciled
with the WIMP paradigm in the case of non-standard cosmologies for DM heavier than
∼ 30 MeV. An effect on the genesis of lighter WIMP DM without modifying the usual BBN
dynamics is not possible within our approach. On the contrary, heavy DM WIMP can be
compatible with the WIMP mechanism and cross sections much smaller than the canonical
〈σv〉0 = few×10−9 GeV−2. In particular, for TeV DM one can go to values as small as
〈σv〉 ' 3× 10−17 GeV−2 ∼ 3× 10−34 cm3/s.
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